Binding Factor (UBF). Downregulation of Runx2 expression reduces localization of 10 HDAC1 at the nucleolar periphery and also decreases HDAC1 association with UBF.
INTRODUCTION
regulator of Runx2 (Lee et al., 2006) and known repressor of RNA Pol I transcription 1 (Meraner et al., 2006; Pelletier et al., 2000; Zhou et al., 2002 ) is recruited to rDNA loci to 2 modulate UBF and histone acetylation in a Runx2-dependent manner. Our key finding is 3 that Runx2 and HDAC1 participate in fine-tuning rRNA gene expression to respond to 4 cellular requirements for protein synthesis and growth. HDAC1 associates with both Runx2 and UBF at rDNA loci 9 We have shown previously that Runx2 suppresses rRNA gene transcription in 10 osseous cells, in part by modifying the rDNA associated histone code (Young et al., 2007a) .
11
HDAC1 is a known regulator of rRNA gene expression (Meraner et al., 2006; Young et al., 12 2007a; Zhou et al., 2002) and interacts with Runx2 (Lee et al., 2006) . We tested the 13 hypothesis that HDAC1 interacts with Runx2 at the rDNA locus in osseous cells and 14 contributes to Runx2-mediated downregulation of rRNA gene transcription. We initially 15 performed immunofluorescence (IF) microscopy using specific antibodies to assess whether secondary ChIPs (ReChIP) with Runx2 and UBF antibodies. UBF, Runx2 and the co-1 repressor HDAC1 occupied the same rDNA segments, as analyzed by primers representing 2 three different regions of the rDNA repeat (A, B and C) (Fig. 1C) . None of the factors was 3 bound to the unrelated Phox (GP91) gene, indicating the specificity of the ChIP-ReChIP 4 assays ( Fig. 1C ; see also Supplementary Fig. S1B ). Taken together, our results demonstrate 5 that HDAC1, UBF and Runx2 are in a complex that occupies rDNA repeats in osseous cells 6 and suggest that this complex is involved in regulating rRNA gene expression. HDAC1 interaction with rDNA chromatin requires the Runx2 carboxy-terminus 9 We hypothesized that in osseous cells, HDAC1 is recruited to rDNA and associates 10 with UBF through Runx2. We depleted endogenous Runx2 levels in SaOS-2 cells using whether HDAC1 interaction at rDNA is also altered by depleting Runx2, we carried out
21
ChIP analysis. Similar to our previous observations with IF and IP experiments, our results
22
showed that down regulating Runx2 levels decreased HDAC1 binding to rDNA as 23 determined by amplification of three different regions of the locus ( Fig. 2C ; primer set A, B 24 and C). Importantly, decreased UBF co-localization and association with HDAC1 as well as 25 reduced recruitment of HDAC1 to the rDNA locus coincided with an increase in pre-rRNA 26 levels (Fig. 2D) . These findings indicate a role for HDAC1 in rRNA gene repression by
27
Runx2.
28
Abrogation of the Runx2 C-terminus perturbs nuclear matrix association and 29 interaction with co-regulatory proteins including HDAC1, thus compromising Runx2 30 functional activity (Choi et al., 2001; McLarren et al., 2001; Westendorf, 2006) . We therefore investigated the role of the Runx2 C-terminus in HDAC1-UBF complex 1 formation. Only WT-Runx2, but not the ΔC mutant (Fig. 3A) nor the empty vector control, 2 increased HDAC1 association with UBF in SaOS-2 cells ( Fig. 3B and Supplementary Fig.   3 S3B). To examine the involvement of the Runx2 C-terminus in recruiting HDAC1 at rDNA 4 repeats, ChIP experiments were performed using antibody specific for HDAC1 in cells (Fig. 3C ).
9
Collectively, our results demonstrate an essential role for the Runx2 C-terminus in 10 interaction with HDAC1 and its recruitment to rDNA repeats and suggest a functional 11 relationship between Runx2 and HDAC1 in regulation of rRNA gene expression. We experimentally addressed the functional relevance of HDAC1-Runx2 interaction 16 in regulating rRNA gene expression in osseous cells. Endogenous HDAC1 was depleted 17 using three different siRNAs (Fig. 4A , WB) and pre-rRNA levels were analyzed. Down-18 regulation of HDAC1 increased pre-rRNA expression but 28S-rRNA levels were not 19 affected (Fig. 4A, bar graphs) . These results are consistent with a known role of HDAC1 in 20 suppressing rRNA genes in fibroblasts and kidney cells (Meraner et al., 2006; Meraner et 21 al., 2008) . Interestingly, introduction of exogenous Runx2 into osseous cells in which 22 endogenous HDAC1 had been depleted failed to suppress pre-rRNA expression (Fig. 4B ).
23
These findings were further strengthened by the observation that the Runx2ΔC mutant, 24 which lacks interaction with HDAC1 (Fig. 3B) , did not down-regulate pre-rRNA expression
25
(see Supplementary Fig. S3C ). Taken together, our results demonstrate that HDAC1 is 26 involved in the repressive activity of Runx2 on the rDNA repeats.
27
Because the expression of rRNA genes is linked to cell growth and proliferation as 28 well as protein synthesis rates (Arabi et al., 2005; Moss and Stefanovsky, 1995; Reeder, 29 1999), we examined the effect of HDAC1 depletion on these parameters in osseous cells.
30
HDAC1, alone or in combination with Runx2, was down-regulated in SaOS-2 cells using specific RNAi oligonucleotides (Fig. 4C , WB) and cell proliferation was assayed (Fig. 4C,   1 line graph). Consistent with up-regulation of pre-rRNA expression (Fig. 4B) , depletion of 2 HDAC1 alone or in combination with Runx2 increased the rate of cell proliferation (Fig. 4C,   3 line graph). Concomitantly, global protein synthesis as assessed by 35 S-methionine labeling 4 was also enhanced ( Fig. 4D and Supplementary Fig. 4A for 48 hours using 4 µg/ml of polybrene (Sigma, WI, USA). Cells were also treated with 5 trichostatin-A (TSA; 100ng/ml) from Sigma for 36 hours to inhibit global HDAC activity.
6
Lysates were processed for immunoprecipitation assays following the protocol described 
10
Protein samples were analyzed by performing western blot analysis as described above.
12
Chromatin immunoprecipitation (ChIP) and ChIP Re-ChIP
13
ChIP assays were performed as described previously (Young et al., 2007a) . ChIP 
16
ChIP Re-ChIP experiments were carried out essentially as described (Young et al., 2007b) .
17
Briefly, the immunoprecipitates from the first ChIP were eluted in 10 mM DTT buffer for 
26
Complementary DNA (cDNA) was generated from RNA using SuperScript First Strand kit cDNA from mouse were cloned into pENTR4-FLAG vector and then recombined with 17 lentiviral destination pLenti-CMV-Blast-DEST vector using Gateway LR Clonase Company, Rochester, NY).
We thank our research group, especially Jonathan Gordon for sharing reagents, percentages reflect percent of total nucleoli that were randomly selected for analysis. B.
22
Immunoprecipitation experiments show that reduction in Runx2 levels decreases UBF Graphs Y-axis shows the pixel intensity and the X-axis represents the antibodies used for WBs. B. ChIPReChIP analysis shows HDAC1 binding to rDNA as demonstrated by primer set A, B and C. Primary (1 st ) ChIP was performed using Runx2 and UBF antibodies followed by ReChIP (2 nd ) using antibody specific for HDAC1. 35 S]-methionine was performed to assess effect on overall protein synthesis by siHDAC1 alone or in combination with siRunx2. To show equal loading of protein samples in each lane Coomassie blue stain was performed as a control. B. Immunoprecipitation assays in osseous cells show that Runx2-UBF interactions were retained in the absence of HDAC1 as assessed by western analysis. C. ChIP experiment was performed using Runx2 and UBF antibodies by down-regulating HDAC1, demonstrate unaltered occupancy of UBF and Runx2 at rDNA as assessed by primer A, B and C. Phox (GP91) gene was used as a negative control, shows no occupancy by Runx2 or UBF. 
